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IMPROVED TRANSPARENT ELECTRODE, OPTOELECTRONIC 
APPARATUS AND DEVICES 

CROSS-REFERENCE TO RELATED APPLICATIONS 

This application is related to commonly assigned copending U.S. Patent Applications 
5 10/290,1 19, 10/303,665, 10/319,406 and 10/338,079, all of which are incorporated herein 
by reference. 

FIELD OF THE INVENTION 

This invention generally relates to optoelectronic devices and more particularly to 
transparent conducting electrodes for such devices. 

1 0 BACKGROUND OF THE INVENTION 

Optoelectronic devices interact with radiation and electric current. Such devices can be 
light-emitting devices that produce radiation as a result of an applied electric 
voltage/current or photovoltaic devices that produce an electric voltage/current as a result 
of applied radiation. Photovoltaic (PV) cells / devices typically employ a substrate or 
15 carrier (wafer, film, foil, etc.), a bottom electrode, one or more layers of PV material and 
a top electrode. Either the bottom electrode or the top electrode may be the anode and the 
opposite the cathode and vice versa. PV materials and layer structures are, broadly 
speaking, materials that create a voltage and current between the two electrodes when the 
PV material / layer structure is exposed to light. 

20 In the past PV materials were limited to inorganic materials, for example, silicon 
(crystalline, poly-crystalline, amorphous), GaAs, CdTe, CIGS, or nano/meso-porous 
titania-based dye + liquid electrolyte cells ('Graetzel cell'). Recently, organic materials 
have been used as PV materials. Such organic materials include semiconducting gels, 
conjugated polymers, molecules, and oligomers. Organic PV materials may also include 

25 porous films of sintered particles such as titania particles. These materials may or may 
not be doped to improve performance (e.g. reduce resistance to improve efficiency). 
Examples of such organic PV materials are described, e.g., in Brabec, Christoph J. 
Sariciftci, N. S. "Recent Developments in Conjugated Polymer Based Plastic Solar Cells" 
2001, Chemical Monthly, V132, 421-431. One of the great advantages of organic or 

1 
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partly organic solar cells is that they can be made much thinner than e.g. silicon-based 
PV cells (few 100 nm as opposed to several micrometers). 

PV cells may be optimized for solar-cell applications, i.e. applications in which typically 
outside sun/day-light impinges on the cell and the voltage and current output from the PV 
5 cell is optimized/maximized. FIG. 1 depicts a schematic diagram of a typical solar cell 
according to the prior art. The solar cell 100 generally includes a substrate 102, a bottom 
electrode 104 disposed on the substrate 102, and one or more active layers 106 disposed 
between the bottom electrode 104 and a top electrode 108. In such solar cell applications 
large currents have to be carried from the PV cell(s) to an outside electrical circuit or 

10 device. One of the PV cell surfaces, e.g., a top surface 109 has to be at least semi- 
transparent to collect this outside light but this light also has to penetrate through the 
electrode on this side. Thus one faces the problem of maximizing light transmission into 
the cell while minimizing the resistance of said electrode to efficiently (at low power 
loss) carry the collected current to the outside circuit or device. This is often achieved by 

15 using semi-transparent conducting material in at least one of the top and bottom 
electrodes 104, 108. 

The substrate 102 may be transparent or opaque. In cases in which the light of e.g. a PV 
cell penetrates into the device through the bottom substrate 102 the top electrode 108 
does not normally have to be transparent. In cases in which the bottom substrate 102 is 
20 opaque the light needs to reach the device (electronically / optically active layer(s)) 
through the top electrode 108. Naturally, both the top and bottom electrodes 104, 108 
and the substrate 102 must be at least partly transparent for the case in which the light is 
desired to reach the active layer(s) 106 from both sides. 

In the prior art, transparent conducting electrodes (TCEs) have typically been made using 
25 a transparent conducting oxide (TCO) such as indium-tin-oxide, ITO, or tin oxide, SnO x 
(with or without fluorine doping), Al-doped ZnO x , etc.). Such TCO layers have often 
been combined with metallic grids of additional lower resistance materials, such as e.g. 
screen-printed metal-particle pastes (e.g. silver-paste). For example, U.S. Patent 
6,472,594 to Ichinose et al describes coating metal with a conductive adhesive in order to 
30 attach the wires to and make electrical contact with an underlying TCO. Such 
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approaches are still far from optimal as limited light transmission and residual resistances 
limit device efficiency and manufacturing is costly. Furthermore, such approaches are 
not compatible with the use of organic PV cells. Ichinose, in particular does not address 
applications involving organic PV cells. 

5 It is known in the prior art that TCO materials, particularly where they act as anodes to 
extract and/or inject positive charge carriers, may not form good ohmic or near-ohmic 
contacts with organic p-type materials such as those employed in organic or partly- 
organic solar cells. Furthermore, organic or partly organic solar cells are often more 
sensitive to 'process conditions'. For example, depositing a TCO layer (e.g. via the 

10 typical sputtering processes or even reactive sputtering processes that create UV and/or 
plasma conditions) can damage the organic layers such that cells may, for example have 
electrical shorts. Because organic solar cells tend to be much thinner than silicon-based 
PV cells, any damage and/or surface modification due to the TCO deposition process can, 
hence, be relatively much more relevant and damaging in an organic PV cell. 

15 Furthermore, TCO deposition processes typically employ vacuum-coating steps that are 
difficult and costly, even in a web-based roll-to-roll process. 

Conductive polymer films, e.g. Pedot ,Pani or polypyrrole, represent an alternative to 
TCO electrodes. Such polymer materials are far more suitable for roll-to-roll processing, 
as they can be solution processed/coated. Furthermore, such conductive polymer 
20 materials do not require sputtering or plasma processes to put them on an active layer. 
Unfortunately, after processing such as coating and drying, such conductive polymer 
films have sheet resistances significantly higher than TCOs; e.g., about 200 Ohms/square. 
Because of this, the resistive power loss would be far too high. Thus, pure conductive 
polymer transparent electrodes are unacceptable for PV approaches. 

25 Therefore, a need exists in the art for an improved transparent conducting electrode that 
overcomes the above disadvantages and a corresponding method for making it. 

SUMMARY OF THE INVENTION 

The disadvantages associated with the prior art are overcome by embodiments of the 
present invention directed to optoelectronic apparatus, and methods for making and such 
30 apparatus. 
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According to an embodiment of the invention, an optoelectronic apparatus includes a 
transparent conducting electrode having a layer of transparent electrically conducting 
polymer material and an array of electrically conductive wires distributed across the layer 
of transparent electrically conducting polymer material. The wire array and conducting 
5 polymer material are configured such that the wires are in electrical contact with the 
polymer material. The wires have small diameters, e.g., typically less than about 200 
microns. Preferably, the conductive polymer material is conductive polythiophene, 
conductive polyaniline, conductive polypyrroles, PSS-doped PEDOT (e.g. Baytron™), a 
derivative of PEDOT, a derivative of polyaniline, a derivative of polypyrrole. 

10 Alternatively, the conductive polymer may be a conjugated spiro compound, a spiro 
polymer, a polymer blend or a polymer mixed/doped with other conjugated materials, 
e.g., dyes. The wire array, e.g., in the form of parallel wires or a mesh, may have an open 
area greater than about 80%. The transparent conducting electrode may also include a 
thin layer of metal. Such transparent conducting electrodes may be used, e.g., in 

1 5 photovoltaic devices such as solar cells. 

The optoelectronic apparatus may further comprise an active layer in electrical contact 
with the transparent conducting electrode. The active layer may include two 
semiconducting materials having different electron affinities, so that the first and second 
materials have complementary charge transfer properties. The presence of the first and 
20 second semiconducting materials may alternate within distances of between about 5 nm 
and about 100 nm. The two semiconducting materials may be arrayed using 
nanostructures such as filled pores, nanolamellas, or matrixed nanostructures. The 
apparatus may further include a base electrode with the active layer disposed between the 
base electrode and the transparent conducting electrode. 

25 According to another embodiment of the invention a conductive electrode may be made 
by distributing an array of conductive wires across a layer of transparent conducting 
polymer and attaching a transparent conductive polymer layer to the wire array. The 
wires and conductive polymer are attached such that they make electrical contact with 
each other. The wire array and/or conductive polymer may be provided in the form of 

30 substantially continuous sheets in a roll-to-roll process. 
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Embodiments of the present invention provide new and useful electrodes and devices that 
may be formed relatively inexpensively and on a large scale. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 depicts an optoelectronic device according to the prior art 
5 FIGs. 2A-2D depict cross-sectional schematic diagrams of examples of optoelectronic 
apparatus that incorporate embodiments of transparent conducting electrodes according 
to embodiments of the present invention. 

FIG. 2E depicts an isometric schematic diagram of an example of an optoelectronic 
apparatus according to another embodiment of the present invention. 
10 FIG. 3 depicts a diagram of one possible array of wires for a transparent conducting 
electrode according to an embodiment of the present invention 

FIG. 4 depicts a diagram of another possible array of wires for a transparent conducting 
electrode according to an embodiment of the present invention. 

FIG. 5 depicts a cross-sectional schematic diagram illustrating an example of an 
15 optoelectronic device according to an embodiment of the present invention. 

FIG. 6 depicts a flow diagram of a method for making transparent conducting electrodes 
according to an embodiment of the present invention. 

FIGs. 7A-7C depicts schematic diagrams of roll-to-roll processes for producing 
transparent conducting electrodes according to an embodiment of the present invention. 
20 FIG. 8 depicts a flow diagram of a method for making optoelectronic apparatus and 
devices according to an embodiment of the present invention. 

FIG. 9 depicts an isometric close-up view of a portion of a possible porous film structure. 
FIGs. 10A-10B depicts a schematic diagrams of a roll-to-roll processes for making 
optoelectronic devices according to an embodiment of the present invention. 

25 

DETAILED DESCRIPTION OF THE INVENTION 

CONTENTS 

I. Glossary 

n. General Overview 
30 IE. Apparatus Using Transparent Conducting Electrodes 
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Optoelectro^^^ 

Fabrication of Transparent Conducting Electrodes 
VI. Fabrication of Apparatus, and Devices 
yn. Alternative Embodiments 
5 VIE. Conclusion 

L - jai2M axe intended to have .he fo.low.ns gene,, meanings as they a, used 
The following tetms are intended 

herein: 

,. „kl, havinl! one or more layers of material. 
Devjcs: An assembly or sub-assembly having 

" a herein semiconductor generally refers to a matertal 

10 Sanjcjfflouctor: As used herem, sem 0 5 eV and about 3.5 eV. 

eharacterized by an eiectronic bandgap typtc* between abo 

a ,nthecaseofsemiconduc.ormaterials,hole.aeeeptor 

^^^^^ZZ describing charge transfer between two 
mi electron-acceptor are relattve terms for ^ ^ ^ ^ 

, 5 edge or highest occup.ed molecular orb t ^ ^ has , 
vaience band edge or HOMO for a second ^ ^ ^ than 

eonauct.onbandedgeor.owestuno.cupted— J ^ ^ the S rst 

me corresponding conduction band ^g ^ ^ ^ matenal , s 

^rialUaboie-acceptorwrthresp^* - a ^ ^ or 

20 . ei.tron-acceptor w, ^^ ^se.oser me vacuum ieve,. 
molecular orbital is said to be nigne 

d h in a first and second 
Z complement charge-transfer 
semiconductor or conductor matenal are sat ^ ^ ^ and/or 

pro pert,es w„h respect to each „ . e.ectron-acceptor an.or 

hole-transporter with respect to the second 
25 lon-lsporterwUhrespecttomeftrstorvrceversa. 

p ta - AS used herein ^ano-architected porous Sim" genera Uy 
— TTSS^ -res — by a width, or o.er 
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characteristic dimension, on the order of several nanometers (10" 9 m) across. Nano- 
architected porous films may be produced by several techniques, including: 

(a) Intercalation and/or grafting of organic or polymeric molecules within a mineral 
lamellar network comprised of clays, phosphates, phosphonates, etc. The lamellar 

5 compounds serve as a network host that preserves the pre-established structural order. 
Organic molecules are then inserted or grafted into this pre-structured network (which is 
comprised of mineral(s)). 

(b) Synthesis by electrocrystallisation of hybrid molecular assemblies. This synthesis 
technique drives the construction of highly organized mineral networks with relatively 

10 long-range order that can be controlled and adjusted for electronic intermolecular 
transfer. 

(c) Impregnation of preformed inorganic gels. In an example of this technique, a silica 
xerogel can be formed by hydrolysis and polycondensation of silicon alkoxides with 
organic monomers (e.g. with monomers that are susceptible to polymerization within the 

15 porous gel structure). Methylmethacrylate (MMA) is an example of a suitable organic 
monomer and the inorganic-organic hybrid obtained after polymerization of the MMA 
has optical and mechanical properties often superior to the individual components. 

(d) Synthesis from heterofunctional metallic alkoxides metallic halides or 
silsesquioxannes: Precursors of this kind have the formula R x M(OR') n - x or 3(R'0)Si-R"- 

20 Si(OR')3, where R and R' are either hydrogen (H), any organic functional group or a 
halide, R" can be oxygen or an organic functional group, and M is a metal. Typically R 
and R' involve oxygen, e.g., -O-R and -0-R\ M may be any transition metal, e.g., 
titanium, zinc, zirconium, copper, lanthanum, niobium, strontium, or silicon, etc. The 
hydrolysis of alkoxy groups (OR') followed by a condensation reaction will form the 

25 mineral network and the R groups will imprint in the network the organic function. 

(e) Synthesis of hybrid networks through the connection of well-defined functional 
nanobuilding Blocks. The pre-formatted species or building blocks could be in this case 
oxo-metallic clusters, nanoparticles, nano-rods, nano-tubes, nano-whiskers (CdS, 
CdSe,...), metallic or oxides colloids, organic molecules or oligomers. These blocks are 
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taWW during or after .heir synthesis with comple.nen.ary speoies for tailonug .he 
interface between organic and inorganic domains. 

(0 Te.npia.ed growth of inorganic or hybrid networks by using orgamc mo.ecuies and 
lomoiecuies as structure directing agents. In genera., mo.ecuies 
5 ammonium ions, amphiphi.ic mo.ecu.es or surfactants can be used as .emp.ates to bud 
structured minera. network. Materia, of the .eoti.es famities are among the mos 
intensive* investigated systems. Mo.ecuiar and supramo.ecu.ar interact.- betwee 
,em P .a.e mo.ecn.es (surfactants, amph.phi.ic block copolymers, organogel^, etc 
and tire growing hybrid or me,al-oxo based network penrti, the construct of complex 
1 0 hybrid hierarchical architectures. 

(g) Templated growth using nanoparticles, as spring agents followed by removal of 
nanopartic.es, leaving behind a porous network. The nanopartic.es may be m d, 
e.„ of llx, and removed, e.g., by heating the temp,a.ed film to a suffice* temperature 
to "burn off' the nanoparticles. 

t^eT^TAs used herein, surface, .emp.ation refers an approach towar 
iemp & ■ fi. omPWnr vc ee bv us ng surfactants 

achieving pore size control of inorgamc or organ* frameworks, e. ., by g 

or block copolymers as templates .o build a structured mmeral network. Surfactant 

k A, n nrenare a hich-porosity surfactant-templated porous tan film, 
temptation may be used to prepare a tugn pu.u» , 

20 Surfactant templation includes the sol-gel approach described below. 

A device tha, interacts with radiation and Such 
a device could be a radiation-emitting device, e.g. a light-em.tt.ng d.ode (LED) »*. 
or aradia«o, absorb.ng device, e.g. a photodelector/counter, photovoltatc ee„ (solar cell) 

or radiation-driven electrolysis cell. 
25 Solar Cell: A photovoltaic device that interacts with rad,a«on (often in the form of 
impinging on the device to produce electric power / voltage / current 
Qsm ^ L ^ A type of solar ce„ where, an active pho.oelecu.c .ayer « 
^-^erTartly or entirely, using organtc materials compnstng, e.g., polymers, 
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oligomers, molecules, dyes, pigments (including mixtures) that are predominantly carbon 
based compounds. These materials may be insulating, conductive or semiconductive or 
mixes thereof. 

Radiation : Energy which may be selectively applied including electromagnetic energy 
5 having a wavelength between 10* 14 and 10 4 meters including, for example, gamma 
radiation, x-ray radiation, ultraviolet radiation, visible light, infrared radiation, 
microwave radiation and radio waves. 

Material : The term "material" is used herein to refer to solid-state compounds, extended 
solids, extended solutions, clusters of molecules or atoms, crystals, polymers, dyes, 
1 0 particularly including conjugated polymers and dyes. 

Inorganic Materials : Materials which do not contain carbon as a principal element. The 
oxides and sulphides of carbon and the metallic carbides are considered inorganic 
materials. Examples of inorganic compounds include, but are not restricted to, the 
following: 

15 (a) Intermetallics (or Intermediate Constituents): Intermetallic compounds constitute a 
unique class of metallic materials that form long-range ordered crystal structures below a 
critical temperature. Such materials form when atoms of two metals combine in certain 
proportions to form crystals with a different structure from that of either of the two 
metals (e.g., NiAl, CrBe 2 , CuZn, etc.). 

20 (b) Metal Alloys: A substance having metallic properties and which is composed of a 
mixture of two or more chemical elements of which at least one is a metal. 

(c) Inorganic polymers such as polysilanes or other non-carbon based polymers or 
monomers. 

(e) Ceramics: Typically, a ceramic is a metal oxide, boride, carbide, nitride, or a mixture 
25 of such materials. Examples of such materials include, among others, alumina, zirconia, 
Titania (Ti0 2 ) silicon carbide, aluminum nitride, silicon nitride 
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Qss ^^: Con-pounds, which princ.paUy consist of carbon and * 
^^0, nitrogen or other events, except those tn whtc - 
play a critica, ro.e (e,., carbonate sahs, Exantp.es of organ, matena s « « e 
^resized using the methods of the present invention incU.de, but are no, restncted to, 

5 the following: 

terylenes and squaraines and their derivatives. 

no mmm: Materiais consisting of large macromoiecu.es composed of more than one 
- ^ . f , „ „_„,;„„ units are often referred to as 

repeating units. Polymers, composed of 2-8 repeahng umts 

10 ohgotners. Examples of such repeating units include, e.g., dyes or p.gmems. Polyme 
I be natura! or syntheUc, cross-hnxed or non-crosshnxed, and < ey ma be 
hlpo.ymers, copo.ymers, Mockers, or htgher-ordered ^ymers . 
terpolymers etc.). Polymers may be synthesized or yafted onto one another usrng e.th« 
11*1 orgamo chemrstiy tech, q ues or usrng ^'^Z^ 

ZZ'L Ug are examp.es of e.ec.ca,, gating ^ - 
„ « „f nolvmers may act as semiconducting or conduc.mg matenals. These 

PO^rs such as polyphen.v.ny.ene 0- der.vat.ves), polyene 

containing C. or dyes such as pery.enes or phthalocyanines), conjug^ed^polymers suc^^ 

as po.yanu.nes, poiyacety.enes, po.ypyrro.es, and conjugated 

JJL. PO.ymer b.ends and po.ymers m— - JJJ^ 

,Wp^ Conjugated polymers such as PEDUl ^ayu h v 
(e.g. dyes). uonjugmcu f nolvmers can be 

(regular or random), side-chain polymers, etc. 
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wires in the mesh trend to cover an area through which radiation would otherwise pass, 
thereby reducing the amount of radiation that penetrates to the active layer of the cell. 

Solution processing: As used herein, solution processing refers to forming a film on a 
substrate by applying a solution (or suspension, dispersion, emulsion; from organic 
5 solvents, acidic solutions or water-based solutions) to the substrate with some subsequent 
drying/baking/cure step in which the solvent(s) is/are removed. 

II. GENERAL OVERVIEW 

Although the following detailed description contains many specific details for the 
purposes of illustration, anyone of ordinary skill in the art will appreciate that many 
10 variations and alterations to the following details are within the scope of the invention. 
Accordingly, the examples of embodiments of the invention described below are set forth 
without any loss of generality to, and without imposing limitations upon, the claimed 
invention. 

Embodiments of the electrode of the present invention is achieved by a combination of a 
15 thin-film highly transparent conductive polymer material such as - PEDOT (PEDOT is 
polyethylene-dioxythiophene doped with polystyrene sulphonic acid (PSS)) or 
polyaniline (Pani) (typically also doped with e.g. PSS) or doped polypyrroles or any 
combinations of these or their derivatives and a highly conductive array very fine metal 
wires with large pitch or a metal mesh with a large ratio of metal to openings. The wires 
20 are in electrical contact with the conductive polymer thin-film. The array of metal wires 
may be laminated or 'woven into' or extruded into/onto the surface a thin film device (in 
particular PV cell). The metal wires may include a conductive epoxy or meltable 
cladding to provide electrical contact with the conductive polymer material. A 
transparent conductive oxide (TCO) may optionally be disposed over the wires and 
25 conductive polymer. The TCO could also be disposed between the wire array/conducting 
polymer combination and an underlying active layer. 

Transparent conductive electrodes of the type described herein may be incorporated into 
organic PV cells and optoelectronic devices. In particular, such electrodes may be 
incorporated in optoelectronic devices having one or more nanostructured active layers. 

11 
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Embodiments of the invention can be applied where radiation penetrates the active 
layer(s) of an optoelectronic dev 1C e from one side, e.g., through a top electrode or from 
two sides, e.g., through a top AND a bottom electrode. 

Embodiments of the present invention have several advantages over previous transparent 
electrodes and optoelectronic devices and apparatus. Such advantages include relahvely 
low sheet resistance, relatively low cost and more convenient manufacture compared to 
prior art transparent electrodes. 

ffl > cataa-ms HSINC. TRANSPARENT CONDUCTING F.I F.CTROPE 

FIGS 2 A-2E depicts schematic diagrams of embodiments of an apparatus 200 accordmg 
t0 an embodiment of the present invention. The apparatus 200 generaUy includes a 
transparent conducting electrode (TCE) 202A disposed on an active layer 201. The TCE 
202A generaUy includes an array of metal wires 206 distributed across a layer of 
transparent conductive polymer 204 The metal wires 206 are in electrical contact wtth the 
transparent conductive po.ymer layer 204. The wire array 206 may also be in dtrec, 
physical contact with the transparent conductive polymer layer 204. The equivalent sheet 
resistance of the conductive TCE 202 is typically less man .00 Ohms/s q uare, preferably 
.ess than 10 Ohms/square, more preferably less than . Ohms/square and most preferably 
less than 0.1 Ohms/square. 

The active layer 201 interacts with radiation and electric cturen, or voltage. Such an 
interaction may be a photovottaic or light-emttting interaction. The active .ayer 20. may 
be a multi-layer suture having two or more sub-layers stacked on top of one another. 
Alternatively, the presence of two or more materia* may alternate with the plane of the 
active .ayer. In general, the active .ayer 20! may include one or more semiconductor 
materials. By way of example active layer 201 may include silicon, which may be doped 
; with p,ype and/or n-,ype dopant. The silicon may be crystalline, poly-crystallme or 

• , . u. for thf. active layer 201 include inorganic 
amorphous. Other matenals suitable for the active lay 

semiconductors (crystaHine, poly-crystalline or amorphous) such as CdTe, CK* ~ 
The active ,ayer 201 may be a PV-ac,ive layer that converts incident radiant energy to 

electrical energy. 
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u t v, laver 201 could include one or more organic materials 
Alternatively the active layer 201 

molecules, oligomers, polymers, co-polymers, blends) of n ^ 

, u . Rvwav of example, suitable polymers include conjugate^ 
separated blends. By way P polyphenylviny lene, po.ytnrophene, 

(e.g., semrconduetrve polymers such as polyp y , enes 

, ^^^PciyP-^^^^ — (Baytron), 
or ^ocyarune. - — • J^JLT H*-—*- 

p r ,ne ::r^r:— — — 

or dyes, azo-dyes navmg perylenes, 
phthalocyanines lnc,udin g mefal-fiee — , 

^suanes, ^^^l-bept-,-,,— 
dVf]diisoqmnolme-l,3,8,10-tetrone, 

d ef:6,5,10-d'eT]diisoquinoline-l,3,8,10-tetrone. 
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conductive oxrde such as, but no, y combina tions of pore-filling 

wherein .he pores in the restructured gnd « £ ed wdh 

mat e n a,s such as conned organ c n— — J ^ ^ 

eopolymera, blends, spiro-eompounds), organ > met 

senium complexes), solid or liquid e.ectrolytes and/or ton, o 

fcelixe. The porous conductive ox,de»d<h P-^ ^ 

charge-transfer properties. For example, a negative g 

g^d maybe frUed wi» a posrtive charge transporfing matena, such as CuO, 

, „ l»ver 204 may be made from any of a number of 
The transparent conducts polymer layer 204 m y ^ 

Pr^ferablv the conducttve polymer layer iu» 
conductive polymers. Preferably, conducliv e polypyrroles, PSS- 

doped PEDOT (e.g. Baybon ), a den ^ 50 
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more preferably between about 100 nm and about 500 nm thick. Preferably, the 
conductive polymer material for the conductive polymer layer 204 is solution- 
processible. Solution processing is advantageous for several reasons, e.g. in that one can 
e.g. roll-to-roll-coat the solution (or suspension, dispersion, emulsion, etc.) onto a 
5 substrate to form the polymer layer 204. 

The TCE 202A may include an optional first layer 203 (e.g. a very thin metal layer or 
transparent conductive oxide) may defines the charge injection/extraction efficiency (e.g. 
via its work-function) and the conductive polymer layer may increase the electrical 
conductivity of the TCE 202A and provide electrical contact with the array metal wires 

10 206. For example, the first layer 203 may be a transparent conductive oxide (TCO) such 
as indium-tin-oxide, Al-doped ZnO x , F-doped SnO x , or the like that fills the spaces 
between the wires 206. Alternatively the first layer 203 may be a very thin layer of a 
metal or alloy. In general, the thin metal or alloy layer used as the first layer 203 must be 
thin enough that it is sufficiently transparent, e.g., less than about 15 nm thick. The first 

15 layer 203 could be a different conductive polymer layer, i.e. different from the 
transparent conductive polymer layer 204. Specifically, the first layer 203 could be a 
conductive polymer layer optimized for charge injection/extraction whereas the 
transparent conductive polymer layer 204 may be optimized for transparency and 
conductivity and contact with the wire array 206. 

20 There are several different configurations for the TCE 202 that incorporate an optional 
first layer 203, e.g., as a TCO or thin metal (or metal alloy) layer in electrical contact 
with the conductive polymer layer 204 and/or wire array 206. For example, the wire 
array 206 may be disposed between the first layer 203 and the conductive polymer layer 
204. Alternatively, the TCO or thin metal layer may be disposed between the wire array 

25 206 and the conductive polymer layer 204. More preferably, the conductive polymer 
layer 204 may be disposed between the first layer 203 and the wire array 206 as shown in 
FIG. 2A. This configuration is especially preferable when using a thin metal or alloy as 
the first layer 203. 
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conducting polymer layer 204 dependm* on th *. ^ ^ ^ some 

For example, a higher work function for the first y ^ ^ 
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The* are several variations on the TCE 20 ^ conductlve 

emb od,men t , the array of wires 2 6 may e J- ^ ^ ^ ^ 
polymer layer 204 and the active layer™ ^ ^ ^ ^ un4e , 
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desirable electrical contact. ^ ^ ^ ^ ^ 

on ,he apparahts 200 in wmch m The snort proofmg ma.ena. 
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* may he an insulating layer 205 e.g. • ^ ^able 

, organic insulator (oxide, nrtiide, oxy-mmd, et ^ ^ wire 206 or 
short euoults. The short-proofing matenal ^ ^ ^ ^ ^ fee 

parted during the lamination process- The * ^ ^ 2B als0 

pr Lposited on the active layer 20. b *» ^ ^ ^ of the 

lows ma, portions of the conduct, ve ^ ^ ^ contacl „ 

25 w i re206,e.g.,undermeinfluenceofsurf . serial 205 may 



form of a tape). 
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ms to be made from wire material 
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t ,„„ ,he surface of the metal wires 206, e.g, y 
U desired, thin metal .ayers may be formed o^ ^ prevention , 

platin g or dadding, for purposes such — ^ exampte , 
15 iffi provemen, of adhesion, and alloy , .d gold, as we,, other 
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tv,» r. P rrentaee of open area (i.e., area noi cuvsi* j 
than about 50 mtcrons. The percentage p ^ 

5 compared to the wire-covered area . preferably better than 

higher than about 90% and even more preferably h.gher man **** 

, of me wire 206 can be substantially circular as shown m FIGs. 2A 2B or. 
section of the wire c<m elliptical shape 

u • nr 2C wires 207 with cross sections flattened into an oval or ellipt 
shown in FIG. 2L, wires w/w 

native TCE 202C. Alternatively, the wire ZUt> can 
may be used in an alternative l^n 

10 rectangular, irregular or arbitrary cross-section. 

The wire 206 may be brought ntto contact wtth the ttansp— ,W^r lay, 
m by proximity, pressure, heat-tteatment (parttal or ^^L^ 

15 conductive polymer layer w*. o h s scree n- 

or epoxy deposued by — * 

printing, fa** printing, flexographic printing, gravure pnnttng, « 

a„d the ft e. Tape— ed ^^^^L J— 

20 the lamination /• assembly process e.g. 
layer 209 may be continuous or not. 
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area that provides the direct contact between the wire 206 and the active layer 201 such 
that the conductive polymer coating 204 still provides sufficient contact from the 'open 
areas' to the wires 206. Note that the adhesive layer 209 described above could be used 
for a conductive adhesive layer as well as an insulating layer between the wire 206 and 
the active layer 201. For example, as shown in FIG. 2E, the short-proofing layer 211 
may be in the form of one or more strips of insulating material disposed between the 
conducting polymer layer 204 and the wire 206. The short-proofing layer 211 can also 
help to protect against shorts between the top and bottom electrodes of an optoelectronic 
device during a subsequent singulation / cutting / stamping / etc. step, e.g. to create 
individual sheets of devices originally fabricated in a roll-to-roll process. 

The scope of the present invention includes various combinations of the features 
illustrated in FIGs 2A-2E. Furthermore, although the first layer 203 (thin metal/alloy or 
TCO or other conductive polymer) is not shown in FIGs. 2B-2E, such a layer may of 
course be included in any or all of these variations. 

The wires 206 may be in the form of an array of parallel wires that are substantially 
uniformly spaced apart from each other, as shown in FIG. 2E. Alternatively, the wires 
206 may be arranged in a grid or mesh as shown in FIG. 3. Although a rectangular mesh 
300 is depicted in FIG. 3, the mesh 300 may have wires 302 arranged in any suitable 
pattern such as square grid, honey-comb/hexagonal etc. The mesh 300 may be made of 
wires of the types described above with respect to FIGs. 2A-2E. In roll-to-roll 
manufacturing the wire/mesh may be continuous or semi-continuous, may be (if wire 
form) deposited parallel to the roll-to-roll direction or perpendicular or at an angle in 
between. 

The wires 302 are generally characterized by a diameter d, and are spaced apart to define 
one or more openings 304 having a characteristic dimension L. As shown in the example 
of FIG. 3, the characteristic dimension L may be a spacing between adjacent wires 302. 
The number of wires per unit length in the mesh 300 may be calculated as 1/L. In the 
example depicted in FIG. 3, the spacing L between vertical fibers is the same as that for 
horizontal fibers although the spacings may be different if desired. Furthermore, 
although a substantially rectangular web pattern is depicted in FIG. 3, other patterns with 
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„ „ differently defined characteristic dimensions may be used. The wires 
openmgs havmg d.fferen.ly 6 ^ ^ ^ ^ ^ ^ propemes 

perpendicular direction. 

„, ftV he used when fashioning the mesh 300. For 
Other configurations of the wires 302 may be used whe 

i • «f^« nmrec;^ To overcome this, the mesn y 

;r; «, » n . - - * , — * fc - or 

other underlying layerfs)- 

no 1 is roughly the same as or substantially larger than the 
Where the w.re spacmg L . roughly ^ ,„„ 

15 wavelength of radiation incident upon ,., *e —J ^ 

depends on fire rafio of open area between fire w» ^ ^ ^ 

,e area covered by the wires 302. The open area c, * det^ ^ ^ ^ 

„ covered by fire wires 302 (approxtmately 2dL m fins examp > 

20 For the mesh example depicted in FIG. 3, the open area 
by: 

OPEN AREA RATIO = [1-2&U 

shown in FIG. 2E, the open area ratio may be gtven by: 
25 OPEN AREA RATIO = 

j a d « ired open area ratio may be obtained by 
Thus, for wires of a given drameter d. a desrred op ^ 
fashioning a mesh 300 with an appropriate thread count (1/L) By 
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• and Ihe thread count may be of order 

wires 302 may be a few tens of mtcrons m d.ameter and th 
, wire per mm and the open area ratio may be about 80% or more. 

form of a web with randomly sized and/or randomly shaped °^ 8 ^ J ^ 
4 deplcts a porfron of a web 400 - — 1 , - ^ ^ 

material as descnbeu above. The wrr $ , ( a 2 

^om pattern and subbed . P~ ^ * ^ process w eU suited to 
dimensional or 3-dimenstonal web 400. Thts V ^ 

forming a web 400 from wires 402 .hat are between a few mtcrons 

diameter. 

- a surface ma, s— fry — ^ ^ M2D , 1, 
disposed. In the examples of FIGs. 2A 2E, th ^ fc 

5 disposed on me surface of me aehve layer » - of course it is also possible for 
-^"^Il^CZtre^ shape, e,„ c,md n cal, 

yT F.fTRODES 

A Examples of Devices plG 2 A- 

2E , 3, and4may be incorporated inmanumberof^.^ ^ 

25 S uch devces Include passiv< windows , e.ectrochromic 
eiectromagnetic shteldmg, ks include active device, such 

windows and e.ectro.uminescen. lamps. light-sources, laser diodes, 

,3 flat pane, disp.ays (FPD), light emifrtng drodes - ^ 
^parent membrane switches, touch screens, and solar cefls. 
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ni c or hybrid organic/inorganic solar cells as well as 
include thin-film organic, morgan* or hybnd o g ^ type s of 

resistivity of the transparent conductive e.ectrode. 

B. Optoelectronic Device Architecture lectronic device includes 

-iwKment of the present invention, an optoeiei. 
According to an embodiment m P f which is . transparent 

c. mrtal wires, as described above, 
and a highly conductive array fine metal wires, 

, f . device structure for an optoelectronic device 500 
nG . 5 depicts an example of a devtee stm lectronic device 500 

a— to an embodiment of the _ co nduc.,ng 

generally includes an actrve ,yer * ^vice 50. may be moduiaHze, by we,.- 
strode (TCE) 502 a base Cectrode 508. ^ sttength e.g., 

toewn encapsulation in order to improve weather — 
Witt, optional substrate and/or encapsulant layers 510, 512. 

1 ^ 0 r sn4 covered with an array 01 imw 
transparent conductrve polymer 504 , ayer 0 fPEDOT or any of the other 

of transparent conducfivep ... ^ ^ ^ rf 
polymer materials desenbed above By y ^ ^ about 50 

.-■-^--^^tCL above with respect to FIG. 2C. The 
S ec,ion or a flattened cross-sechon as de orb ^ ^ ^ 

.ateral spaces between the wrres 506 m y b * ^ ^ The 

Examples of suitable ttanspasen. matenal 0 ^ ^ ,„ , he 

transparen, material 503 cotddbe » ^ ^ ^ 50J 

encapsulation sheet 512 to the TCE 502. A ^ ^ ^ ^ wte 506 

inCt.de a transparent conducting ox.de (TC ) ^ ^ ^ ^ ^ 

and conductive polymer matenal 504. The TCO m y 
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wires 506, polymer 504 and encapsulant 512. In such a case, the remainder of the space 
may be filled with a clear glue or other fill material. The TCE 502 may optionally 
include an insulator layer as described above with respect to FIGs. 2B and/or 2E or an 
adhesion layer as described above with respect to FIG. 2D. 

5 The base electrode 508 may optionally be a TCE, e.g., of the type described above. 
Whether the base electrode 508 is transparent or not depends partly on the nature of the 
device 500. For example, if the device 500 is a window (e.g., an electrochemical or 
electrochromic window) both electrodes 502, 510 need to be transparent. On the other 
hand for radiation emitting devices such as LED's or laser diodes or radiation absorbing 

10 devices such as PV cells the base electrode 508 need not be transparent. In such a case, 
the base electrode 508, may be in the form of a commercially available sheet material 
such as such as C-, Au-, Ag-, A1-, or Cu-coated Steel Foil or metal/alloy-coated plastic 
foils, including metal or metallised plastic substrates/foils that are planarized to reduce 
surface roughness. 

15 In general, the active layer 501 may include a single layer of material or multiple layers. 
The active layer 501 may generate, absorb, or transmit radiation that passes through the 
transparent electrode 502. For example, in an electrochromic window, the active layer 
may comprise a polymer electrolyte disposed between a layer of vanadium pentoxide and 
a layer of tungsten oxide. The passage of a small current between the electrodes 502, 508 

20 changes the tungsten oxide from transparent to substantially opaque. In another example 
the active layer 504 may include a liquid crystal layer disposed between to alignment 
layers. Such structures maybe used, e.g. in liquid crystal displays. 

In the particular example shown in FIG. 5, the active layer 501 may be in the form of an 
exciton-splitting and charge transporting network. Such an exciton-splitting network 
25 typically includes two complementary semiconductor materials. In general, the two 
semiconducting materials will have different electron affinities. Interaction between 
radiation and charge occurs in the vicinity of an interface between the two different 
materials in the active layer 501. To increase the effective area of the interface, the two 
complementary semiconductor materials may be in the form of a nanoscale grid network 
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, 507 In such a case, two semiconducting materials 
505 and a network-filling material . semi conduc..ng materials 

aUerna.es within distances of between abou, 5 nm an 

f laver 509 that contacts the 
Th e active layer 50, may include an optional e ., shorts between the 

TCE 502. One func.ton of the first »>«£%Z*>* *- » ™" "» ^ 3 
TCE 502 and the nanoscale grid networ described above 

Lai or afioy layer hav,g a low. — n^nthe «« ^ ^ ^ ^ 
^ re spec. to the firs, layer 203 of Fia ^ ^ ^ ^ 

imprOT e mechantca, properi.es such s hy ^ ^ ^ ^ ^ 
a second optional inrerface layer 511 ft* °n 508 md ^ 

5 fom for fire sake of clarity. Although the ~ ^ ^ * ^ may a , s0 be 

^-*^^ toC f ^1 from bo.h neighboring layers, e.g. 
in ,erconnec.ed and, mos. »^ 0ne possWe variation, among others, 

electr odes 502, 508 or in.erface layers 509, 51 ^ ^ ^ „ 

of a possible configuration of the structures m a n-sc ^ ^ ^ ^ 

20 FIG 9. Although ananostiuctured active layer 50, ,s dep. 
501 may alternatively be of conventional des.gn. 

25 about 1 nm and abou, .00 nm apart, ^ 25 „„ apart, edge to edge. 

More preferably, the pore, are between *-5- ^ 505 may 

By way of exantple, and without oss ^ ^ (Zn0a) , 

„ m ade from an e.ectron-accepting mMenA J ^ ^ oxide , 
zir conium oxide, lanthanum oxide, mobtum ox.de, 
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strontium oxide, calcium/titanium oxide, sodium titanate, potassium niobate, Cadmium 
Selenide (CdSe), Cadmium Sulfide (CdS), or Cadmium Telluride (CdTe) as well as 
blends of two or more such materials such as Ti0 2 /Si0 2 blends/hybrids. In such a case, 
the network filling material may be made from a hole accepting material. The first 
5 optional interface layer 509 may inhibit or prevent direct contact between the nanoscale 
grid network 505 and the transparent electrode 502. The first interface layer 509 may be 
made from the same material as the network filling material 507. 

The network-filling material 507 fills the spaces between the structures in the nanoscale 
grid network 505. The spaces between the structures may be in the form of pores in layer 

10 of porous material. Alternatively, the spaces between the structures may be gaps left 
behind when pores in a porous material have been filled with a pore-filling material and 
the porous material etched away leaving behind structures made from the pore-filling 
material. The second optional interface layer 511 may inhibit or prevent direct contact 
between the network filling material and the base electrode 508. The second interface 

15 layer 511 may be made from the same material as the nanoscale grid network 505. 
Where the nanoscale grid network 505 is an electron accepting material, the network- 
filling material 507 is a complementary, i.e.., hole-accepting and hole-transporting, 
organic semiconducting material. Examples of suitable semiconducting organic materials 
include those set forth above with respect to the active layer 201. 

20 The optional encapsulants 510, 512 protect the device 500 from the surrounding 
environment. The encapsulants 510, 512 may also absorb UV-light to protect organic 
materials disposed between the encapsulants 510, 512. Examples of suitable encapsulant 
materials include one or more layers of glass or polymers, such as polyethylene 
terephthalate (PET) and/or Mylar®. Mylar is a registered trademark of E. I. du Pont de 

25 Nemours and Company of Wilmington, Delaware. Either encapsulant layers 510, 512 
may include EVA (ethylene vinyl acetate), which has favorable adhesive, weather 
resistance, and buffer effect properties. 

In order to further improve moisture resistance and scratch resistance, a fluorine resin 
may laminated the encapsulant layers 510, 512 as a surface protecting layer. For example, 
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tetra-fluoro ethylene copolymer (TFE, Du Pont TEFLON), copolymer of tetra- 
fluoroethylene and ethylene (ETFE, Du Pont TEFZEL), polyvinyl fluoride (Du Pont 
TEDLAR), polychlorofluoroethylene (CTFEC, Daikin Industries Neoflon) are cited. 
Weather resistance can also be improved by adding a well-known UV absorber. In 
5 addition to glass, other inorganic materials, such as ceramics and metal foils may also be 
used for the encapsulants 510, 512. The encapsulants 510, 512 may also include nitrides, 
oxides, oxynitrides or other inorganic materials that protect against exposure to water or 
air. In particular, the encapsulant may be a multi-layer stack or a foil comprising a multi- 
layer stack of organic materials with inorganic dielectrics. 

10 V. FABRICATION OF TRANSPARENT CONDUCTING ELECTRODES, 
APPARATUS, AND DEVICES 

A. General Approach 

Transparent conducting electrodes, apparatus and devices of the types described above 
may be manufactured in accordance with an inventive method. An example of a method 

1 5 600 for fabricating a transparent conducing electrode is illustrated generally by the flow 
diagram of FIG. 6 and the schematic diagrams shown in FIG. 7 A and FIG. 7B. The 
method 600 begins at 602 by distributing an array of conductive wires across a layer of 
transparent conducting polymer material. At 604, adhesives and/or insulating material 
may optionally be placed between the wires and polymer material as described with 

20 respect to FIGs. 2B and 2D. At 606, the cross-sections of the wires may be flattened as 
described above with respect to FIG. 2C. Preferably, this flattening is done prior to any 
lamination of the wire array to the transparent conductive polymer layer. At 608 the 
conductive wires are attached to the layer of. conductive polymer material to form a 
transparent conducting electrode. The attaching process in 608 is such that the 

25 conductive wires are brought into electrical contact with the layer of transparent 
conducting polymer material to produce a transparent conductive electrode. The order of 
the steps depends on the nature of the fabrication process. Some of the steps may occur 
sequentially, others may occur simultaneously. 
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In a preferred embodiment, prior to step 602 either the wires or the polymer material are 
first disposed on an underlying sheet, e.g., a substrate or active layer at step 601. The 
underlying sheet may be a partially fabricated optoelectronic device, e.g., like the device 
500 of FIG. 5 with all layers up to the first interface layer 509. The conducting polymer 
5 material may be formed on the sheet first, e.g., by applying a solution or suspension to 
the sheet. Then at step 602 the wires may be embedded in the wet solution and the 
solution may be cured. Alternatively, the wires may be disposed on the sheet first and the 
solution disposed over the wires at and then cured at step 602. 

B. Roll-to-roll Processing 

10 The fabrication process described in FIG. 6 may be implemented in a number of different 
ways. For example, FIG. 7A depicts a schematic diagram of an embodiment of one 
possible apparatus 700 for forming a TCE on an underlying sheet. In this embodiment a 
dispenser 703 applies a process solution 704 to an underlying sheet 702. The sheet 702 
may be a substrate material or a partially completed optoelectronic device sheet. A roll 

15 705 supplies a wire array 706. Rollers 707, 708 laminate (with or without the application 
of pressure) the wire array 706 into the wet solution 704. The sheet 702 carries the 
solution 704 and wire array 706 to a curing unit 709. The curing unit 709 dries, heats, 
and/or irradiates the solution 704 to set it into a transparent conducting polymer to form a 
TCE 710 attached to the underlying sheet 702. The sheet 702 with the attached TCE 710 

20 may then be encapsulated and/or cut into smaller individual sections. The apparatus 700 
may optionally include a deposition stage for depositing a TCO, thin metal layer or 
second layer of conductive polymer. Such a deposition stage may implement sputtering 
or electron beam evaporation or the like for TCO deposition or thermal/resistive 
evaporation, electron beam evaporation, ion plating, sputtering and the like for thin metal 

25 layer deposition. The TCO or thin metal layer may be deposited on the sheet 702 before 
applying the process solution 704 or on the TCE 710 after curing the process solution 
704. A second conductive polymer layer may be deposited on the underlying sheet 702, 
e.g., from a process solution or dry coating process, before depositing the process 
solution 704 and/or wire array 706. 
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FIG. 7B depicts an alternative apparatus 720, which is a variation on the apparatus 700. 
The apparatus 720 forms a TCE 738 attached to an underlying sheet 722 such as a 
substrate or partially completed device. In the apparatus 720, a roll 724 provides a wire 
array 726. An applicator 727 (e.g., a roller) applies an adhesive to an underside of the 
wire array 726. Rollers 728, 730 laminate (with or without the application of pressure 
and/or heat) the wire array to the sheet 722. An applicator 732 then applies a process 
solution 734 to the wire array 726 and through spaces between the wires in the array to 
the sheet 722. A curing unit 736 then cures the process solution 734 to form a transparent 
conductive polymer layer. The conductive polymer layer and the wire array 726 form the 
TCE 738 attached to the underlying sheet 722. The sheet 722 with the attached TCE 738 
may then be encapsulated and/or cut into smaller individual sections. The apparatus 720 
may also include a stage (not shown) for depositing (e.g., sputtering) a TCO or thin metal 
layer on the sheet 722 before or after attaching the wire array 726 or after curing the 
process solution 734. 

Alternatively, the applicator roller 727 may apply a second conductive polymer layer to 
the underside of the wire array 726. A conductive polymer coating layer (as additional 
option on top of the adhesive and/or insulating layers discussed earlier) could provide an 
effective conductive 'glue' with little or reduced risk of causing damage to the underlying 
active layer(s) by the wire lamination. 

Processing of the type depicted in FIG. 7A and FIG. 7B is particularly advantageous 
because of the economies of scale associated with roll-to-roll production. The fabrication 
schemes depicted in FIG. 7A and 7B are particularly advantageous when using solution 
processing. Both schemes allow the TCE to be baked to remove solvents prior to 
encapsulation or lamination of other layers on top of the TCE. In addition, the 
transparent electrode described herein facilitates the 'rolling-up' (e.g. for temporary 
storage, curing, baking, transport, etc.) of the laminate whereby the wire array 706 
provide a spacer and protection for the active device during and in the 'rolled-up' state. 

In an alternative embodiment, transparent conducting electrodes of the type described 
above may be manufactured by a roll-to-roll process without an underlying sheet, e.g., by 
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coating a mesh foi. with a transparent conducive polymer. For example, FIG. 7C 
schematically illustrates ro.Mo-roU processing to produce a transparent conducing 
electrode of the type described above. Speciftcai.y, in a ro..-.o-ro» apparaU* 740 
feeder roU 742provides an array of conductive wire 744, preferably in the form of 
5 regular screen, mesh, grid or the like. 

An applicator roller 745 may apply a process solution 746 the wire array 744 .ha, will 
form a transparent conductive polyrtter materia, to implement me features descnbed 
above with respect to FIG. 2B and/or FIG. 2D. After tire process solution 746 is apphed, 
me wire array 744 may pass through a curing stage 747. Prior to the applicator roller 
,0 745, the wire array 744 may also pass between an optional pair of compresston rollers 
(no, shown) to provide me wires 744 wi,h flattened cross-secions as descnbed w,th 
respect to FIG. 2C. 

The curing stage 747, may apply some combination of hear, drying and/or radiation to the 
p„,ymer process solution 746 and/or wire arrays 744. The curing process attaches the 
15 wire array to me transparent conductive polymer layer to ftom a transparent conductive 

tt ansparen, conductive Cectiode shee, 74g. Alternatively, me transparent conduct,- 
strode shee, 748 may move to a fcrther processing stage in which it may be lammated 
directly to a substrate and/or other parts of a semi-finished devtce. 
20 Other alternative fabrication schemes may combine various features described above with 
respect to FIGs, 7A-7C. Such alternatives include (a) doing all the fabrication steps on a 
shee, basis and (b, doing some steps on a shee. bas,s (e.g. up to layer 502 in FIG. 5) on a 
mU-to-rofl and doing tire final lamination .0 a shee. encapsulation layer (512 m FIG. ) 
after 'singulation' of the roll (i.e., after forming the TCE and/or device into a smgle 
25 sheet). 




General Approach 
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The method of FIG. 6 may be extended to the production of apparatus of the type 
described above with respect to FIGs. 2A-2E and devices of the type described above 
with respect to FIG. 5. For example, FIG. 8 depicts a flow diagram of a method 800 for 
fabricating an apparatus of the type shown in FIGs. 2A-2E and optionally incorporating 

5 such an apparatus into a device of the type shown in FIG. 5. The method 800 begins at 
802 by providing a TCE having an array of conductive wires distributed across and in 
electrical contact with a layer of transparent conducting polymer material. At 804 an 
active layer is disposed in electrical contact with the TCE. This step may involve 
bringing the TCE and active layer into close proximity or physical contact. This step 

10 may also involve disposing an interface layer between the TCE and active layer. In the 
most likely scenario, is to start out with a substrate foil; form the active layer on the 
substrate foil at 804 and then form the TCE at 802. This could all be done in one 
continuous process. 

At 806 an optional insulator material may be disposed between the active layer and either 
15 the wires or polymer layer of the transparent conductive electrode as described with 
respect to FIG. 2E. As a practical matter, this step may occur before step 804 by 
attaching the insulator material to the polymer layer or wires. Alternatively, the 
insulating material may be disposed in a pattern on the active layer. 

At 808 the active layer is attached to the TCE to form the optoelectronic apparatus. The 
20 attachment process makes a mechanical attachment between the TCE and the active 
layer. The active layer may include organic and/or nanostructured semiconductor 
materials as described below. The attaching process may be part of the process by which 
the conductive wires are brought into electrical contact with the layer of transparent 
conducting polymer material to produce the TCE. To make an optoelectronic device, at 
25 810, the active layer may be disposed between the TCE and an optional base electrode 
and the base electrode is attached to the active layer to form the device. The base 
electrode is attached to the free surface of the active layer (i.e., the surface to which the 
transparent conductive electrode is not attached). The base electrode may be attached to 
the active layer either before, after or concurrent with attaching the TCE to the active 
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79% open area), is applied on top of the PEDOT. Lateral spaces between the wires 502 
are filled with a clear thermoplastic material, , which serves as the transparent material 
503. Thin glass encapsulating layers 510, 512 may then be laminated to the device 500. 

B. Forming the Active Layer 

5 There are several approaches to forming the active layers referred to in FIGs 2A-2E, FIG. 
5 and steps 804, 806, and 810, of FIG. 8. One approach, among others is simply to 
dispose a two-layer structure between the base electrode and the transparent conducting 
electrode. The two-layer structure includes two semiconducting or conducting charge 
transfer layers having complementary charge transfer properties with respect to each 

10 other. Such an approach may be extended to active layers having more than two 
semiconducting or conducting layers. In roll-to-roll processing these, charge transfer 
layers may be layers of different conjugated polymers that are laminated to each other to 
form the active layer. Alternatively, a single layer of a blend or mixture of organic or 
organic and inorganic materials may be applied, for example a polymer blend or a 

15 polymer inorganic nano-crystal mixture. Such an active layer may be subsequently or 
simultaneously laminated between the TCE and base electrode to form the device. 
Alternatively, the two layers forming the active layer may be deposited on a sheet of base 
electrode material or the conductive polymer layer of the TCE, e.g., by spray coating, 
printing such as screen-printing, ink-jet printing, flexographic printing, gravure printing, 

20 micro-gravure printing, or the like, web coating, doctor blade coating, spin coating or dip 
coating. 

Another approach to forming the active layer involves forming a nano-architected porous 
film. Examples of techniques for forming nano-architected porous films include (a) 
Intercalation and/or grafting of organic or polymeric molecules within a mineral lamellar 

25 network comprised, e.g., of clays, phosphates, phosphonates, etc.; (b) synthesis by 
electrocrystallisation of hybrid molecular assemblies; (c) impregnation of preformed 
inorganic gels; (d) synthesis from heterofunctional metallic alkoxides metallic halides or 
silsesquioxannes; (e) synthesis of hybrid networks through the connection of well-defined 
functional nanobuilding blocks; (f) Templated growth of inorganic or hybrid networks by 

30 using organic molecules and macromolecules as structure directing agents; and (g) 
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Templated growth using nanoparticles as structuring agents followed by removal of the 
nanoparticles, leaving behind a porous network. 

FIG. 9 depicts a simplified and somewhat idealized diagram of a desirable morphology 
for the nano-architected porous film 900 having numerous pores 901 that are 

5 interconnected with each other. The pores run along x, y and z directions and intersect 
with each other as shown in the inset in FIG. 9. The pores 901 provide continuous paths 
between opposite surfaces of the nano-architected porous film 900. The path through 
the pores 901 provides access to the pores from a layer overlying or a layer underlying 
the surfactant-templated porous film 900. When the pores are filled with a 

10 semiconducting or conducting pore-filling material, charges have a path to migrate 
through the pore filling material from the overlying layer to the underlying layer and/or 
vice versa. 

In one embodiment, among others, a nano-architected porous film may be fabricated by 
surfactant templation using a precursor sol containing a mixture of one or more 
15 alkoxides, one or more surfactants one or more condensation inhibitors, water, and 
ethanol. Examples of suitable alkoxides where the central element in the alkoxides is 
silicon (Si) include polysiloxanes such as tetraethylorthosilicate (TEOS). Alternatively, 
the central element or inorganic network atom in the alkoxide may be e.g., Ag, Al, Au, B, 
Ba, Cd, Co, Cu, Fe, Ir, Mo, Nb, Ni, Pb, Se, Si, Sn, Sr, Ti, V, W, Y, Zn, Zr, etc. 

20 Examples of suitable surfactants include compounds of the type: 
HO(CH 2 CH20)n(CH2CHCH30) m (CH 2 CH 2 0) n H, where the subscripts m and n are 
integers. A particular surfactant of this type is the block copolymer poly(ethyleneoxide)- 
b-poly(propyleneoxide)-b-poly(ethyleneoxide) (EO20-PO70EO20), sometimes known 
commercially as Pluronic PI 23. Pluronic is a registered trademark of BASF Corporation 

25 of Ludwigshafen, Germany. Other suitable surfactants include hexadecyl 
trimethylammonium bromide (CTAB), polyoxyalkylene ether (e.g. Pluronic F127), and 
poly(oxyethylene) cetyl ether (e.g., Brij56 or Brij58). Brij is a registered trademark of 
Atlas Chemicals of Wilmington Delaware. 

Examples of suitable condensation inhibitors include acids such as hydrochloric acid 
30 (HC1), sulfuric acid (H 2 S0 4 ), nitric acid (HN0 3 ), etc., bases such as sodium hydroxide 
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(NaOH), triethylamine, etc., and chelating agents, including acetyl acetone, alcohol 
amines, peroxides, etc. 

A thin film may be prepared from the sol by spin-coating, web-coating, dip-coating, 
spray-coating, printing such as screen-printing, ink-jet printing, flexographic printing, 
gravure printing, micro-gravure printing, etc. onto a substrate. During the coating 
procedure, evaporation of the solvent causes the formation of surfactant-stabilized 
polypropylene microemulsions incorporated into a surfactant-templated material, which 
can be permanently fixed by annealing through exposure to heat and/or radiation. The 
annealing preferably occurs before the deposition of any material into the porous 
template film. Formation of nanostructured porous films is described in greater detail in 
commonly assigned U.S. Patent Applications 10/290,119, 10/303,665, 10/319,406 and 
10/338,079, all of which have been incorporated herein by reference. 

To form a charge-splitting network for the active layer, the pores within the nano- 
architected porous films described above may be substantially filled with a conducting or 
semiconducting material having complementary charge transfer properties with respect to 
the material of the nano-architected porous film. Examples suitable materials include 
those described above with respect to the active layers in FIGs 2A-2E and FIG. 5. 
Techniques such as web coating, spray coating, spin coating, printing such as screen- 
printing, ink-jet printing, flexographic printing, gravure printing, micro-gravure printing, 
or the like, doctor blade coating, dip-coating, and the like may be used to deposit the 
material that fills the pores in the nano-architected film. The same techniques may be 
used to fill the spaces in a network grid where the nano-architected porous film has been 
etched away after filling the pores. This is a desirable scheme where, e.g., either the 
network grid, the network-filling material, or both are to be made from organic materials 
such as conjugated polymers. 

Alternatively, the pores can be substantially filled by electrochemically growing metal or 
semiconductor within the pore channels of the nano-architected porous film. In such a 
technique, often referred to as electrodeposition, either the base electrode or the TCE 
may serve as a working electrode, which serves to attract ions from a solution and thus 
drive the formation of material within the pores. 
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B. Roll-to-roll processing 

Sheet processing or roll-to-roll processing of the type described with respect to FIGs. 7A- 
7C may be extended to the production of apparatus of the type described above with 
respect to FIGs. 2A-2E and devices of the type described above with respect to FIG. 5. 
5 FIG. lOAdepicts a schematic diagram of a preferred example, of the use of roll-to-roll 
processing to produce apparatus of the types shown in FIGs 2A-2E and devices of the 
type shown in FIG. 5. In FIG. -10A, arrows indicate the directions of travel of sheet 
material and the directions of rotation of rollers. The number and configuration of the 
rollers in FIG. 10A has been simplified for the sake of clarity. 

10 Specifically in a sheet processing apparatus 1000 a feeder roller 1001 supplies base 
electrode material 1002 that is attached to a substrate 1003. Alternatively the feeder 
roller 1001 may supply a substrate 1003 with the base electrode material 1002 already 
attached. The base electrode material 1002 may be in the form of a commercially 
available sheet material such as copper, stainless steel or aluminum foil, metalized plastic 

15 foils, foils with transparent electrodes such as TCOs or conductive polymers with or 
without additional resistance-lowering metal traces that could be pre-deposited/pattemed 
onto the substrate. Note that such polymer/metal or TCO/metal traces can be produced 
using means other than described herein (e.g. by sputtering, evaporating or electro- 
depositing a metal or alloy with subsequent lithographic patterning). Alternatively, the 

20 base electrode material 1002 material may be a completed transparent conducting 
electrode sheet, manufactured, e.g., as described above with respect to FIGs. 7A-7C. The 
substrate 1003 may be a glass or polymer material, which can serve as an encapsulant for 
the completed device. The substrate 1003 and base electrode material 1002 may be 
provide as a single sheet, e.g., a sheet/foil/roll with a pre-deposited base electrode (metal, 

25 TCO etc.). A conveyor belt (or a series of conveyor belts) or the like may carry the 
substrate 1003 through the subsequent stages of the apparatus 1000. 

The substrate 1003 carries the electrode material 1002 past one or more dispensers, e.g., 
first and second dispensers 1004, 1006. The dispensers 1004, 1006 dispense materials 
that will form an interface layer 1005 and a nanostructured porous layer 1009. The 
30 dispensers 1004, 1006 may be conventional rollers, spray coaters, meniscus coater, bar- 
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1011 a process solution 1013 for forming a layer of transparent conducting polymer 
material. A feeder roller 1014 supplies a wire array 1015 that is laminated (with or 
without pressure) into the process solution 1013, e.g., by rollers 1016, 1017. The wire 
array 1015 may pass between an optional pair of compression rollers (not shown) to 
5 flatten the cross-sections of the wires. The substrate 1003 passes through a curing unit 
1018 that evaporates solvent from the process solution 1013 and cures the process 
solution to attach the wire array 1015 to the layer of transparent conductive polymer to 
form the TCE 1019. 

The TCE 1019 may alternatively be formed as shown in FIG. 7B, i.e., by adhering the 
10 wire array 1015 to the device layer first; applying the process solution 1013 over the 
active layer 1011 and the wire array 1015; and then curing in the curing unit 1018. 

Once the TCE 1019 is in place, the device may be encapsulated. For example, an 
encapsulation unit 1020 may laminate an encapsulant layer 1021 over the TCE 1019 to 
from a completed device sheet 1022. The device sheet 1022 may be cut into smaller 

15 sections after encapsulation. Alternatively, the substrate 1003 may be cut into smaller 
sections at an earlier stage in the processing depicted in FIG. 10A. Furthermore, 
although the device sheet 1022 is shown as being built up from a substrate 1003 it is also 
possible to build the device sheet up starting from the base electrode sheet 1002; then 
build the active layer 1011 and TCE 1019; and then add encapsulant layers over both the 

20 base electrode 1002 and TCE 1019. 

Another variation of the process described with respect to FIG. 10A is to fabricate the 
active layer 1011 using two organic semiconducting materials. For example organic 
semiconducting materials may be deposited on the base electrode 1002 in either single or 
multi-layers, with or without blends, etc.). The use of two organic semiconductor 
25 materials, e.g. polymers can make the active layer 1011 more flexible. If the substrate 
1003 is made from a flexible material, e.g., a polymer, the unencapsulated device sheet 
can be rolled up into a roll after forming the TCE 1019. If flexible materials such as 
Mylar (e.g. with one or more dielectric barrier layers) are used as the encapsulant layer 
1021, then the encapsulated device sheet 1022 may be rolled up into a roll. 
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In another variation, active layer 1011 may be formed as a hybrid organic/inorganic layer 
as follows. The pores in the nanostructured porous layer 1009 may be filled with an 
inorganic material, e.g., by electrodeposition. After filling the pores and before forming 
TCE 1019, the nanostructured porous layer 1009 may be etched away and the spaces left 
5 behind may be filled with an organic semiconductor having complementary charge- 
transfer properties with respect to the material that filled the pores. 

There are other variations on the apparatus 1000. For example, FIG. 10B depicts a roll- 
to-roll apparatus that incorporates features from FIG. 7C and FIG. 10A. The roll-to-roll 
apparatus 1030 includes a TCE-making section 1031 and an active-layer-making section 

10 1051. In the TCE-making section, a feeder roll 1032provides arrays of conductive wire 
1034. An optional applicator roller 1035 may apply a polymer process solution that will 
form a layer of transparent conducting polymer. The applicator roller 1035 (or a different 
one) may also apply an adhesive and/or insulating material to the side of wire arrays 1034 
to implement the features described above with respect to FlG. 2B and/or FIG. 2D. The 

15 wire arrays 1034 may pass between an optional pair of compression rollers (not shown) 
to flatten the cross-sections of the wires in the wire arrays 1034. 

The wire arrays 1034 and process solution 1036 pass through a curing unit 1038, as 
described above, to set the process solution into the transparent conductive polymer to 
form a transparent conducting electrode sheet 1040. 

20 The active-layer-making section 1051 operates substantially as described above with 
respect to FIG. 10A. A feeder roll 1052 supplies base electrode material 1054 One or 
more dispensers 1055, 1056 dispense materials for forming an interface layer 1057 and a 
nanostructured porous layer 1059. For example, a first dispenser 1055 may deposit the 
interface layer 1057 as a substantially continuous layer of semiconducting material, such 

25 as Ti0 2 The electrode material 1054 may pass through an annealing stage (not shown) to 
anneal or otherwise process the interface layer 1057. The base electrode material 1054 
then passes a second dispenser 1056, which dispenses a precursor sol 1058 for forming 
the nanostructured porous layer 1059. 
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The base electrode material 1054 next passes through an annealing stage 1060 to process 
the precursor sol 1058 into the nanostructured porous layer 1059 as described above. 
After the nanostructured porous layer 1059 has been annealed, a third dispenser 1061 
provides pore-filling material that fills the pores in the nanostructured porous layer 1059 
5 to form a nanostructured active layer 1052. The base electrode material 1054 may pass 
through a curing unit (not shown) to evaporate solvents and set the pore-filling material. 
In the example of FIG. 10B, the third 1062 dispenser is depicted as being a roller-based 
dispenser. 

The transparent conductive electrode sheet 1040 and the base electrode sheet 1054 are 
10 laminated or otherwise attached to each other with the active layer 1062 disposed 
between them, e.g., by some combination of heat and compression between a pair of 
rollers 1064, 1065. An optional second interface layer may be disposed between the 
nanostructured active layer and the conductive transparent electrode 1054 before 
laminating the transparent conductive electrode sheet 1054 and the base electrode sheet 
15 1054 to form a device sheet 1066. The interface layer material, e.g., the same type of 
material used as the pore-filling material, may be applied to the exposed surface of the 
nanostructured active layer 1062. Alternatively, the interface layer material may be 
applied to an exposed surface of the transparent conductive electrode 1064, e.g., the 
conductive polymer layer 1036. It is also possible to apply the interface layer material to 
20 both the exposed surface of the nanostructured active layer 1062 and the transparent 
conductive electrode sheet 1040. 

In an encapsulation unit, 1067, encapsulant layers 1068, 1069 may be attached to 
opposite sides of the device sheet 1066 e.g., by heating and compression in a vacuum to 
form an encapsulated device sheet 1070. A commercially available device, such as a 
25 vacuum laminator, for example, can be used for this stage of processing. Depending on 
the nature of the encapsulating process and encapsulant materials, the device sheet 1066 
may be cut into individual optoelectronic devices and then encapsulated or encapsulated 
first and later cut into individual optoelectronic devices. 
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FIGs. 10A-10B depicts but two possible roll-to-roll processing schemes. Other variations 
on these schemes are within the scope of the present invention. For example, as 
described above, the active layers 1011, 1062 may be built up from a transparent 
conductive electrode instead of a base electrode. One way to do this is to start with a 
5 prefabricated conductive electrode on the feeder rollers 1001, 1052 in the place of the 
base electrode sheets 1002, 1054. Note that in this represents one way of producing an 
optoelectronic apparatus of the type described with respect to FIGs. 2A-2D. 

In other variations, additional feeder rollers or metal deposition apparatus may be 
integrated into the roll-to-roll apparatus 1000 or 1030 to provide a thin metal layer for the 

10 TCEs 1019, 1040. Furthermore, the transparent conductive electrode 1040 may be 
prefabricated into a roll, e.g., as shown in FIG 7C, prior to processing in the roll-to-roll 
apparatus 1030. In such a case the TCE-making section 1031 may be replaced with a 
feeder roller that feeds the completed TCE towards attachment to the active layer 1062. 
Furthermore, in the apparatus 1030, the location of the applicator roller 1035may be 

15 switched, such that the wire arrays 1034 are sandwiched between the active layer 1062 
and the transparent conductive polymer layer formed from the process solution 1036. In 
such a case, an additional applicator roller (not shown) may apply a conducting or 
insulating adhesive to the wire arrays 1034 before attaching the transparent conductive 
electrode sheet 1040 to the active layer 1036. 

20 VI. ALTERNATIVE EMBODIMENTS 

Alternative embodiments of the present invention include systems that incorporate 
multiple optoelectronic apparatus and devices of the types described herein. For 
example, two or more photovoltaic cells that incorporate transparent conducting 
electrodes of the types described above may be combined together in solar power 
25 generation systems. Such a power system may generally comprises an array of 
photovoltaic cells, at least one of which includes a transparent conducting electrode 
having a layer of transparent conducting polymer material, an array of wires distributed 
across the conducting polymer layer as described above. 
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To obtain higher aggregate voltages, two or more cells may be electrically connected in 
series. To obtain higher aggregate currents, two or more cells may be electrically 
connected in parallel. Furthermore, two or more series-wired stacks of cells may be 
connected together in parallel. Alternatively, two or more parallel-wired stacks of cells 
5 may be connected together in series. 

The system may optionally include an energy storage device connected to the array. By 
way of example, the energy storage system may be in the form of one or more batteries, 
capacitors, or electrolytic cells for producing hydrogen from water using electricity 
generated by the cells. The system may include an optional DC-AC converter so that 
10 electric power produced by the system may be distributed over a conventional electric 
power grid. Because of the improved efficiency and lower manufacturing cost of 
photovoltaic cells that use transparent electrodes of the type described herein the system 
is potentially capable of producing electric power at a cost per kilowatt hour (kWh) 
competitive with conventional electric grid rates. 

15 V CONCLUSION 

Embodiments of the present invention provide novel and useful transparent conducting 
electrodes and optoelectronic devices as well as methods for the manufacture of such 
electrodes and optoelectronic devices using such electrodes. The transparent conducting 
electrodes described herein are potentially less expensive to manufacture than 
20 conventional TCE's. Furthermore, TCEs of the type described herein can provide both 
increased optical transmission as well as lower resistance than prior art approaches. 

It is to be understood that the above description is intended to be illustrative and not 
restrictive. Many embodiments and variations of the invention will become apparent to 
those of skill in the art upon review of this disclosure. Merely by way of example a wide 
25 variety of process times, reaction temperatures and other reaction conditions may be 
utilized, as well as a different ordering of certain processing steps. The scope of the 
invention should, therefore, be determined not with reference to the above description, 
but instead should be determined with reference to the appended claims along with the 
full scope of equivalents to which such claims are entitled. 

1 
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What is claimed is: 

1 1 . An optoelectronic apparatus, comprising: 

2 a transparent electrode having: 

3 a layer of transparent electrically conducting polymer material, and 

4 an array of electrically conductive wires distributed across the layer of transparent 

5 electrically conducting polymer material, wherein the electrically conductive 

6 wires are in electrical contact with the layer of transparent conducting material. 

1 2. The apparatus of claim 1 wherein the layer of transparent electrically conducting 

2 polymer material is disposed between an underlying layer and the array of electrically 

3 conductive wires. 

1 3. The apparatus of claim 1 wherein the array of electrically conductive wires is 

2 disposed between an underlying layer and the layer of transparent electrically 

3 conducting polymer material. 

1 4. The apparatus of claim 1 further comprising a layer of transparent conducting oxide 

2 or a layer of transparent electrically conducting polymer material in electrical contact 

3 with the array of wires and/or the layer of transparent electrically conducting polymer 

4 material. 

1 5. The apparatus of claim 1 further comprising a short-proofing material disposed 

2 between the array of wires and the underlying layer. 

1 6. The apparatus of claim 1 further comprising an adhesive disposed between the array 

2 of wires and the underlying layer. 

1 7. The apparatus of claim 1 wherein the layer of transparent electrically conducting 

2 polymer material is chosen from the group of conductive polythiophenes, conductive 

3 polyanilines, conductive polypyrroles, PSS-doped PEDOT (e.g. Baytron™), a 

4 derivative of PEDOT, a derivative of polyaniline, a derivative of polypyrrole, 

1 8. The apparatus of claim 1 wherein the array of electrically conductive wires includes 

2 one or more wires having diameters of less than about 200 microns. 
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1 9. The transparent conducting electrode of claim 8 wherein the array of electrically 

2 conductive wires includes one or more wires having diameters of less than about 100 

3 microns. 

1 10. The transparent conducting electrode of claim 9 wherein the array of electrically 

2 conductive wires includes one or more wires having diameters of less than about 50 

3 microns. 

1 1 1. The apparatus of claim 1 further comprising a thin layer of metal or alloy in disposed 

2 between the transparent conducting electrode and the active layer. 

3 12. The apparatus of claim 11 wherein the thin layer of metal or alloy is less than about 

4 1 5 nm thick. 

1 13. The apparatus of claim 1 1 wherein the thin layer of metal or alloy has a work function 

2 that is less than or greater than a work function of the layer of transparent electrically 

3 conducting polymer material. 

1 14. The apparatus of claim 1, further comprising a short-proofing material disposed 

2 between the wires and the layer of optoelectronic material. 

1 15. The apparatus of claim 1, further comprising an electrically conductive adhesive 

2 disposed between the wires and the layer of transparent electrically conducting 

3 material. 

1 16. The apparatus of claim 1 wherein one or more of the wires in the array is 

2 characterized by a substantially flattened cross-section. 

1 17. The apparatus of claim 1 wherein adjacent wires in the array are substantially parallel 

2 to each other and spaced apart by a distance of less than about 5 cm. 

1 18. The apparatus of claim 17 wherein adjacent wires in the array are spaced apart by a 

2 distance of less than about 1 cm. 
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1 19. The apparatus of claim 18 wherein adjacent wires in the array spaced apart by a 

2 distance of less than about 5 mm. 

1 20. The apparatus of claim 19 wherein adjacent wires in the array spaced apart by a 

2 distance of less than about 1 mm. 

1 21 . The apparatus of claim 1 wherein the array is characterized by a ratio of open area not 

2 covered by the wires in the array compared to an area covered by the wires in the 

3 array, wherein the ratio of open area is greater than 80 %. 

1 22. The apparatus of claim 2 1 wherein the ratio of open area is greater than 90%. 

1 23. The apparatus of claim 22 wherein the ratio of open area is greater than 95%. 

1 24. The apparatus of claim 1 wherein the array of wires includes a first set of wires 

2 running in a first direction and a second set of wires running in a second direction, 

3 wherein the second direction is different from the first direction, whereby the first and 

4 second sets of wires form a mesh having one or more openings. 

1 25. The apparatus of claim 24, wherein adjacent wires in the first set are substantially 

2 parallel to each other and spaced apart by a first distance, wherein adjacent wires in 

3 the second set are substantially parallel to each other and spaced apart by a second 

4 distance, wherein the first and second distances are chosen such that an open area 

5 ratio of the mesh is greater than about 80%. 

1 26. The apparatus of claim 1 further comprising an active layer including first and second 

2 semiconducting materials with different electron affinities, whereby the first and 

3 second materials have complementary charge transfer properties. 

1 27. The apparatus of claim 26, wherein the first and second semiconducting materials are 

2 regularly arrayed and wherein the presence of the first and second semiconducting 

3 materials alternates within distances of between about 5 nm and about 100 nm. 



43 



NSL-009 



1 28. The apparatus of claim 27 wherein the first and second semiconducting materials are 

2 arrayed using nanostructures chosen from the group of filled pores, nanolamellas, or 

3 matrixed nanostructures. 

1 29. The apparatus of claim 26, wherein the apparatus further comprising a base electrode, 

2 wherein the active layer is disposed between the transparent conducting electrode and 

3 the base electrode. 



1 30. The apparatus of claim 29 wherein the device is a photovoltaic device. 
1 31. The apparatus of claim 30 wherein the device is a solar cell. 

1 32. The apparatus of claim 29 wherein the active layer includes one or more organic 



2 materials. 

1 33. The apparatus of claim 29 wherein the active layer includes both organic and 

2 inorganic materials whereby the device is a hybrid organic-inorganic solar cell. 

1 34. The use in a solar cell device of a transparent conducting electrode, wherein the 

2 transparent conducting electrode includes: 

3 a layer of transparent electrically conducting polymer material, and 

4 an array of electrically conductive wires distributed across the layer of transparent 

5 electrically conducting material, wherein the electrically conductive wires are in 

6 electrical contact with the layer of transparent conducting material. 

1 35. A method for making an optoelectronic apparatus, the method comprising: 

2 forming a transparent conducting electrode by: 

3 distributing an array of conductive wires across a layer of transparent conducting 

4 polymer such that the conductive wires make electrical contact with the 

5 conducting polymer material; and 

6 attaching the conductive wires to the conductive polymer material. 

1 36. The method of claim 35 wherein array of conductive wires and/or the conductive 

2 polymer material are provided in substantially fashion in a roll-to-roll process. 
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1 37. The method of claim 35, further comprising, disposing an active layer in electrical 

2 contact with the transparent conductive electrode. 

1 38. The method of claim 37, wherein disposing an active layer in electrical contact with 

2 the transparent conductive electrode includes forming a nanostructured porous layer 

3 on an underlying sheet using a technique selected from the group of intercalation 

4 and/or grafting of organic or polymeric molecules within a mineral lamellar network; 

5 synthesis by electrocrystallisation of hybrid molecular assemblies; impregnation of 

6 preformed inorganic gels; synthesis from heterofiinctional metallic alkoxides metallic 

7 halides or silsesquioxannes; synthesis of hybrid networks through the connection of 

8 well-defined functional nanobuilding blocks; templated growth of inorganic or hybrid 

9 networks by using organic molecules and macromolecules as structure directing 

10 agents; and templated growth using nanoparticles, followed by removal of the 

1 1 nanoparticles. 

1 39. The method of claim 38, further comprising filling pores in the nanostructured porous 

2 layer with a pore-filling material, wherein the nanostructured porous layer and pore- 

3 filling material have complementary charge transfer properties. 

1 40. The method of claim 39, further comprising curing the pore-filling material. 

1 41. The method of claim 40, wherein providing a transparent conducting electrode 

2 includes forming the transparent conducting electrode over the active layer after 

3 curing the pore filling material, whereby the active layer is disposed between the 

4 substrate and the transparent conducting electrode. 

1 42. The method of claim 37, wherein disposing an active layer in electrical contact with 

2 the transparent conductive electrode includes forming the active layer on an exposed 

3 surface of the transparent conducting electrode. 

1 43. The method of claim 35, further comprising: 

2 providing a base electrode; 
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3 disposing an active layer between the base electrode and the transparent conducting 

4 electrode; and 

5 attaching the base electrode, active layer and transparent conductive electrode 

6 together such that the active layer is disposed between the base electrode and the 

7 transparent conductive electrode. 

1 44. The method of claim 43, wherein disposing an active layer between the base electrode 

2 and the transparent conducting electrode includes forming a nano-architected porous 

3 film on the base electrode or on an interface layer disposed between the base 

4 electrode and the nano-architected porous film. 

1 45. The method of claim 44, further comprising filling pores in the nano-architected 

2 porous film with a pore-filling material, wherein the nano-architected porous film the 

3 and pore-filling material have complementary charge transfer properties. 

1 46. The method of claim 45 further comprising curing the pore-filling material. 

1 47. The method of claim 46 wherein providing a transparent conducting electrode 

2 includes forming the transparent conducting electrode over the active layer after 

3 curing the pore filling material, whereby the active layer is disposed between the 

4 substrate and the transparent conducting electrode. 

1 48. The method of claim 43, further comprising, disposing a transparent conducting 

2 oxide, a thin metal layer or an additional layer of transparent conducting polymer 

3 material between the array of conductive wires and the active layer. 
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NSL-009 

IMPROVED TRANSPARENT ELECTRODE, OPTOELECTRONIC APPARATUS 

AND DEVICES 

ABSTRACT 

Transparent conductive electrodes, optoelectronic apparatus, optoelectronic devices and 
5 methods for making such electrodes, apparatus and devices are disclosed. The 
transparent conducting electrode (TCE) includes a layer of transparent electrically 
conducting polymer material and an array of electrically conductive wires distributed 
across the layer of transparent electrically conducting polymer material. The TCE may 
be made by distributing an array of conductive wires across a conductive polymer layer 
10 and attaching polymer layer to the wire array. An optoelectronic apparatus may comprise 
an active layer in electrical contact with the TCE. An optoelectronic device may 
incorporate an active layer disposed between two electrodes, at least one of which is the 
TCE. An optoelectronic device may be made by disposing an active layer between a base 
electrode and a TCE and attaching all three together. 
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